ABSTRACT
The validity of emission factors derived from small-scale measurements of ammonia (NH 3 ) volatilization has been questioned in the literature because gaseous NH 3 concentration gradients differ at the edge of the measurement plot and may result in higher emissions than at field-scale. We studied this 'oasis effect' using two very long (22-m) wind tunnels constructed indoors over soil plots fertilized with surface-applied urea (20 g N m -2 ). We hypothesized that NH 3 flux would be highest at the start of the tunnel and decrease with distance. Air NH 3 concentration was measured every 2 m along each tunnel for two weeks after urea application; NH 3 flux did not decrease along the length of the tunnels. Of the 60 measurement periods when there was significant NH 3 volatilization, only two had a significant non-linear relationship (P ≤ 0.05) between NH 3 concentration and distance. For the other periods, the NH 3 concentration increased linearly with distance (P ≤ 0.05). The background NH 3 concentration difference between halves of the tunnels was not significantly related to NH 3 flux difference (P > 0.1). Our results indicate that wind tunnel measurements of NH 3 volatilization fertilized using urea are not impacted by a measurable oasis effect. transition, the rate of evaporation increases due to sensible heat advection and the steeper water vapour concentration gradient above the moist surface (the classic example being an oasis of water in a desert). The initially high evaporation rate begins to lessen away from the leading edge because the water vapour concentration in the air increases and weakens the vertical gradient. Eventually, the horizontal and vertical vapour fluxes stabilize, and an equilibrium over the new surface is established (Oke 1987 ).
In the case of NH 3 volatilization experiments, there is often no change in surface properties between the emitting and non-emitting soil surfaces, so the boundary layer remains unchanged. As air flows from an NH 3 -free surface and passes over an NH 3 -emitting surface, however, the vertical NH 3 concentration gradient in the boundary layer is greater near the edge than at the center of fertilized areas, suggesting a greater NH 3 volatilization rate at the edge of the field compared to further into the field (i.e. the oasis effect). It has been suggested that small-plot NH 3 volatilization measurements from manured soils are overestimates of field-scale emissions because of the oasis effect (Génermont et al. 1997; Génermont et al. 1998; Sommer et al. 2003; Loubet et al. 2010; Sintermann et al. 2012) . In these studies, the oasis effect has been quantified using resistance and advection models for situations where animal slurry was applied to land. A resistance framework can be used to model vertical transfer through the laminar and atmospheric boundary layers (Monteith and Unsworth, 1990) and has been adapted for use with NH 3 by Sommer and Oleson (2000) . Unlike a one-dimensional resistance model, an advection model incorporates height and distance from the edge of the field (e.g. Loubet et al., 2001) . Using such models, Sommer et al. (2003) Measurements of NH 3 emissions taken at small (< 10 m 2 ), medium (circles of radius 20 m < r < 50 m) and field scales (> 5000 m 2 ) were compared by Sintermann et al. (2012) . A significant difference between emission factors from the three measurement scales was found (P ≤ 0.001), and it was hypothesized that the difference could have been caused by the difference in NH 3 flux measurement and calculation techniques between measurement scales. The oasis effect was a suggested explanation for the greater emission factors from small and medium scale measurements most often obtained using wind tunnels and the integrated horizontal flux (IHF) methods, respectively (Sintermann et al. 2012 ). However, Sintermann et al. (2012) also found a greater overestimation of NH 3 emission factors for medium-scale (IHF) than for small-scale (wind tunnel) experiments, whereas models predict the oasis effect is more important at smaller scale (Loubet et al. 2010 ). Sommer et al. (2015) determined that wind tunnel measurements of NH 3 volatilization varied from IHF measurements when the wind speed in the tunnel was set to 1 m s -1 , but that the two were similar when wind speed was adjusted to ambient wind speeds at a height of 0.25 -0.3 m. Their results imply that instead of the scale of measurement, the fixed wind speed used in wind tunnels may be responsible for the measurement discrepancy between the two techniques because the wind tunnel would fail to account for the effect of variation in ambient wind speed on NH 3 emissions. Mannheim et al. (1995) (1995) concluded that the accuracy of wind tunnel measurements exceeds that of the IHF method because wind tunnels can produce accurate NH 3 emission measurements at low wind speeds. Miola et al. (2015) determined that short term NH 3 emission measurements (< 6 h) by static chambers were underestimated compared with wind tunnel measurements when using typical wind speeds and attributed this to the difference in wind speed between the two techniques. Ryden and Lockyer (1985) reported that when wind velocity in the tunnel was close to ambient, ammonia emission rates where not significantly different from those obtained by mass balance. Hudson and Ayoko (2008) concluded that wind tunnels are more likely than chambers to represent natural processes when determining emission rates. Parker et al. (2013) also determined that NH 3 flux is highly dependent on air flow rate and is correlated with vapour flux; they suggested applying a correction factor to flux data from flux chambers and wind tunnels to more closely simulate field conditions under all but the driest of surface conditions.
Other factors potentially contributing to the suggested overestimation of NH 3 by wind tunnel flux measurements are the assumptions that turbulent flow is negligible in the wind tunnel, and that the tunnel does not change the friction velocity or roughness length of the surface (Loubet et al. 1999a,b) . Loubet et al. (1999b) showed that the boundary layer formed at the inlet of their tunnel had stabilized 1 m into the tunnel, and therefore the effects of turbulence and changing friction velocity could be removed by including an and therefore the adjusting air flow profile could induce variability into the NH 3 emission factors reported in previous studies. Saha et al. (2011) assessed the impact of wind tunnel size on ammonia emission estimation using a computational fluid dynamics model. NH 3 flux was lower in higherceiling wind tunnels at a fixed wind speed, because it allowed a thicker boundary layer, and thus a greater resistance to emission of NH 3 . The higher ceiling allowed more of the air to be flushed through an area of the tunnel with lower NH 3 concentration, thereby moving less NH 3 to the end of the tunnel. This is similar to the findings of Smith and Watts (1994) who compared two wind tunnels of different size and determined that the larger tunnel gave consistently lower emission rates.
Previous studies have therefore found that the wind tunnel technique for measuring NH 3 emissions is susceptible to biased NH 3 volatilization estimates because of an oasis effect (Sommer et al. 2003; Sintermann et al. 2012) , changes in wind speed (Mannheim et al. 1995; Miola et al. 2015; Sommer et al. 2015) , and boundary layer characteristics (Saha et al. 2011) . However, no experimental research has been conducted to test directly the impact of the oasis effect on wind tunnel NH 3 flux measurements. The objective of this study was thus to determine if wind tunnel NH 3 volatilization measurements are affected by the oasis effect. (Table 1) . They were analysed for pH determined in a 1:1 soil:water mixture (pH water ) and in a 1:1:2 soil:water:buffer mixture (pH SMP ), total base content (B TOT ), cation exchange capacity (CEC), base saturation (B SAT ) and titratable acidity (TA) to pH 8.
Analyses were conducted following standard methods (Hendershot et al. 2007; Kroetsch and Wang 2007; Izaurralde et al. 1987; Schoemaker et al. 1961) . Soil water content of both plots was kept near field capacity during the experiment. times per day at 9:00, 14:00 and 19:00 during the first 10 and 11 days from tunnel 1 and 2, respectively. Measurements were then taken twice per day at 9:00 and 19:00 until the end of the experiment.
Two sampling techniques were employed to measure NH 3 concentration in the air inside the 22-m section of the tunnel where urea was applied. The first technique was an aluminum manifold with five small perforations (heights above soil: 2, 12, 22, 32, 42 cm) from which a composite air sample was obtained. Twelve manifolds were used, with one placed every 2 m along the tunnel (Fig. 1 ). The second method was a multi-tube approach with four individual tubes sampling air at heights of 10, 20, 30 and 40 cm every 4 m along the tunnel (six in total). The manifold measurements of NH 3 concentration were on average 7% greater than the multi-tube measurements (P ≤ 0.01), and the variability in the normalized manifold NH 3 flux data was more pronounced than in the multi-tube data.
Because of the greater variability and consistently higher concentrations of the manifold data, only the individual height measurements were included in the analysis (see Appendix). Air was drawn by vacuum pumps (Model 2107V, Gardner Denver Thomas, Munich, Germany) at a target rate of 3 L min -1 . The exact flow rates (L min -1 ) of sampled air were measured using gas meters (Model GALLUS 2000, Actaris Metering Systems, SA, Australia) and NH 3 was captured by bubbling through fritted glass dispersion tubes (length, 150 mm; porosity, 145-175µm, Ace glass Inc., Vinland, USA) into acid traps (100 mL) containing 0.005 mol L -1 H 3 PO 4 . The sampling setup was the same used in previous NH 3 volatilization experiments by Rochette et al. (2009a; 2009b; 2013) Prior to the experiment, the sampler tubes were all tested in situ by blocking the tube, verifying In total, across the twelve manifold samplers and six multi-line samplers in both tunnels, there were 3050 individual gas samples collected. By assessing each counter's flow rate over the period and comparing it to its average rate, gas counter readings were found to be erroneous for two samplers during two periods,. In these cases, the average flow rate of the counter for the experiment was used to determine the volume of air that All counters were re-tested after the experiment to ensure accuracy, and correction factors were applied for counters that underreported flow. An additional thirteen measurements were discarded due to issues (including the trap not being sealed or sampled air not bubbling through the trap) with the acid trap samples.
Multiple approaches were used to determine the impact of the oasis effect on NH 3
flux. The first approach calculated the NH 3 flux (F; mg NH 3 -N h -1 m -2 ) in the first (F 1 ) and second (F 2 ) half of each tunnel using:
where NH The third approach used a non-linear regression of gaseous NH 3 concentration versus distance along the tunnel using: concentration difference between the inlets of the two halves (∆C = C i,2 -C i,1 ). A regression of ∆F onto ∆C was used to test whether differences in NH 3 flux between the two halves of the tunnel were driven by differences in background NH 3 concentration between the inlets of each section. All regressions were done using the PROC GLM procedure in SAS (SAS 9.4, NC, U.S.). 
RESULTS AND DISCUSSION

Environmental Conditions inside the Tunnels
Isolating the oasis effect required controlling other parameters that impact hydrolysis of urea and subsequent NH 3 emission rate; fluctuations in RH and temperature were minimal in both tunnels and showed no diurnal pattern. The average entrance and exit temperatures were statistically the same: 24.9 ± 1.0 °C and 24.7 ± 0.8 °C, respectively in tunnel 1; and 24.7 ± 1.2 °C and 24.8 ± 1.1 °C, respectively in tunnel 2.
The average entrance and exit RH of tunnel 1 were 89.5 ± 4.9% and 92.8 ± 4.1%, and those of tunnel 2 were 94.8 ± 12.8% and 92.8 ± 9.0%. Maintaining a high RH was necessary to ensure consistent soil moisture along the length of the tunnel, and thus consistent urea hydrolysis. High RH may have reduced the rate at which soil TAN was emitted as NH 3 , as previous research has noted correlations between NH 3 flux and evaporative flux from simulated feedlot lagoons (e.g. Parker et al. 2013 ).
Although efforts were made to deliver identical humidification in both tunnels, there were a greater number of droplets being carried into tunnel 2 than tunnel 1. The RH was always near 100%, and droplets were deposited in the first 6 m of the fertilized section of the tunnel, bringing the soil moisture above field capacity and causing infiltration of urea.
As a result, only measurements from 6 m to 22 m in tunnel 2 were included in the analysis. All 22 m of tunnel 1 were included in the analyses.
NH 3 Volatilization Rates
Average fluxes of NH 3 in the tunnels ( ‫ܨ‬ ത ௧௨ ) increased rapidly after urea (Fig. 2) . Negative fluxes occurred for two days in tunnel 1 (between 264 h and 388 h; May 16 and 17), which coincided with the peak emission periods from tunnel 2 increasing the background NH 3 concentration in the warehouse (Fig. 2) . In tunnels 1 and 2, the maximum air NH 3 concentration was measured at t = 76 h and 77 h respectively. During these periods, the NH Toole et al. 1985) . Previous studies of NH 3 volatilization from broadcast urea at comparable application rates (6 -20 g N m -2 ) had cumulative emissions ranging from 1% -64% of applied N (Freney et al. 1983; Fenn et al. 1987; Urban et al. 1987; Bacon et al. 1989; Al-Kanani and MacKenzie 1992; Palma et al. 1998; Rochette et al. 2009a) . The large range of cumulative emissions stresses the importance of soil characteristics and environmental conditions on NH 3 volatilization, and our results are 
Oasis Effect
The first of our four approaches to test for the oasis effect was based on the comparison of the average NH 3 flux in the first and second half of the tunnels. There was a good agreement in both tunnels (R 2 > 0.70; P ≤ 0.01) (Fig. 3) . However, a wind tunnel affected by the oasis effect would have shown a consistently greater flux in the first half of the tunnel when compared to the second half. This is not supported by the symmetrical distribution of the observations above and below the 1:1 line.
The second approach was based on an analysis of the deviation from the average NH 3 flux along the tunnel (Fig. 4) . There was a slight decreasing tendency in the flux data from tunnel 2, but not the large decrease in flux with increased distance from the edge predicted by Sommer et al. (2003) . To investigate further, we applied the simplified advection model of Sommer et al. (2003) to determine whether it would indicate the presence of an oasis effect. The model produced significant fits for the flux data at t = 6 h and 24 h (P > 0.05). The other 83 periods in tunnel 1 and 2 did not show signs of a significant oasis effect.
The third method of analysis (non-linear regression of gaseous NH 3 concentration versus distance along the tunnel) showed that among the 60 periods with significant regression parameters (P ≤ 0.05) (27 in tunnel 1 and 33 in tunnel 2), 48 showed a linear increase in gaseous NH 3 concentration with increasing distance (Figs. 5, 6 ). Only two periods between 28 and 35 h in tunnel 1 showed a significant non-linear relationship between flux and distance, and therefore a possible oasis effect (Fig. 7) During the two periods indicating a possible oasis effect, there was a relatively large increase in gaseous NH 3 concentration in the first 6 m while there was little increase further along the tunnel. We would expect the oasis effect to slightly reduce the NH 3 volatilization rate with increasing distance, not eliminate it completely, suggesting that another factor impacted the spatial distribution of NH 3 emission inside the tunnel. We hypothesize that the non-linear relationship early after deployment in tunnel 1 may have been caused by uneven soil surface water content during the first two days of operation (as adjustments were made to the rate of water input into the humidification section to obtain the desired RH) creating a wetting gradient that allowed urea to hydrolyze more quickly near the entrance as compared to further along the tunnel. This would explain why emissions were greater in the first 6 m, but nonexistent in the last 16 m of tunnel 1 during these early periods. From this third approach, we conclude that there was no evidence of an oasis effect impacting NH 3 volatilization rates measured in the wind tunnels, because there was a linear increase in gaseous NH 3 concentration with increasing distance within the tunnel during most of the measurement periods.
The fourth approach used to test for the oasis effect involved comparing the flux difference (∆F = F 2 -F 1 ) between the halves of the tunnel with the difference in the NH 3 The results from both tunnels were combined, and then the data were divided into four groups based on their ∆C, to check whether the oasis effect was only significant within a specific range of source intensity (groups were 0-25%, 25-50%, 50-75% and 75-100% of the maximum ∆C measured). A linear regression was performed on each group of results to determine whether ∆C had a significant impact on ∆F between the two halves of the tunnel. None of the four groups indicated that ∆C was a significant regression parameter for ∆F (P > 0.2). ∆F should decrease with an increase in ∆C, because a greater background concentration of NH 3 should cause a reduction in NH 3 flux.
The results from all four methods of analysis revealed no measurable impact of the oasis effect on NH 3 volatilization rates in our wind tunnel experiment at any level of source intensity. These results disagree with the predictions based on the gradient-driven flux theory (Sommer et al. 2003 ) and the possible biases for small-scale measurements, especially those obtained using the integrated horizontal flux method discussed by Sintermann et al. (2012) . Our measurements were made following urea application whereas Sommer et al. (2003) and Sintermann et al. (2012) referred to soils that had received pig slurry. The NH 3 volatilization rates are different between these amendments; slurry has its highest source intensity immediately after being applied, whereas urea takes However, after the urea is hydrolyzed, the emissions from both N sources are affected by the same factors and if the oasis effect were to impact slurry-fertilized soils it should have a similar impact when urea is applied.
In our experiment, urea was broadcast at the surface, and once it was hydrolyzed, total ammoniacal nitrogen (TAN: N in the form of NH 3 and NH 4 + ) concentration present at the surface should have changed slowly. For a constant surface concentration of TAN, the volatilization process is dominated by atmospheric transfer and by the NH 3 concentration difference between the emitting surface and the atmosphere (Sommer et al. 2004 ). However, we observed a constant NH 3 flux along the length of the tunnels during most measurement periods, even though NH 3 concentration in the air increased continuously with distance. This implies that the added partial pressure of NH 3 reducing the concentration gradient between the air and the surface was insignificant when compared to the surface source strength. This not only holds true for periods with higher flux measurements (30 mg N m -2 h -1 ), but also for most of those with lower flux measurements, when the NH 3 source intensity was weak (5 mg N m -2 h -1 ).
The application rate used in our experiment (20 g N m -2 ) was higher than the application rate in Sommer's model (1 g N m -2 ); their modeled soil pH of 7 was likely lower than the pH at the urea granule microsites in our experiment (Sommer et al. 2004) , and their temperature of 10°C was significantly lower than in the present study (~ 25°C).
When ammoniacal N is dissolved in water, its proportion in the gaseous NH 3 form increases with pH, while higher temperature increases degassing into the air (Sommer et al. 2004) . NH 3 emission rates from experiments on manured soils are typically greater than those from our urea fertilized plots at similar N application rate (Génermont et al., 1997; Génermont et al., 1998; Sommer et al., 2003; Loubet et al., 2010; Sintermann et al., 2012) . The maximum flux modeled by Sommer et al. (2003) was on the order of 10 mg N m -2 h -1 , and is comparable to the range of flux rates observed in this experiment.
Therefore, the concentration of NH 3 in the air should have been sufficient to cause a measureable oasis effect in our tunnels. We found only two periods that showed evidence of an oasis effect flux when applying the advection model from Sommer et al. (2003) to our results; these may have been caused by a transition in soil hydrolysis and TAN concentration within the tunnel. Further experimentation is required involving soil measurements and a lower RH to reproduce the model from Sommer et al. (2003) , and to determine how the concentration of NH 3 in the air compares to the saturation vapour pressure of NH 3 inside the tunnel. An experiment using an application of slurry would also be a logical next step. -2 h -1 ) using the manifold and the individual height data in Tunnels 1 (a) and 2 (b). The manifold data was included to demonstrate the difference in variability between the two measurement types. Only the individual height data was included in the regression analysis. ) regressions between the first (section 1) and second (section 2) half of Tunnels 1 and 2 during the experiment. Both slopes were significantly different from 1 (P ≤ 0.01). ) using the manifold and the individual height data in Tunnels 1 (a) and 2 (b). The manifold data was included to demonstrate the difference in variability between the two measurement types. Only the individual height data was included in the regression analysis. were used to calculate NH 3 flux: 1) a manifold consisting of five inlets; and 2) four individual tubes (Fig. 1) . Each technique was designed to sample across the height of the tunnel and in each case, an average concentration was calculated. The flux differences calculated using the manifold data were more variable than those calculated using the average of the individual height measurements (Fig. 4) . This was likely because the proportion of air drawn from the individual inlets (and therefore contributing to the average) varied between manifolds. We speculate that contact between the tube and the back wall of the steel manifolds may have caused partial blockages in the 4 shorter tubes attached to the manifolds, causing air to be sampled at different rates from each of the inlets of the manifold. Whatever the reason, because of the greater variability of the manifold measurements, we opted to use only the average of individual height NH 3 concentration measurements to test the wind tunnel technique for the presence of the oasis effect.
CONCLUSION
